Aims/hypothesis. Stearoyl-CoA desaturase (SCD) is emerging as a key regulator of lipid and carbohydrate metabolism. Scd-null mice display a beneficial metabolic phenotype characterised by resistance to obesity, diabetes and hyperlipidaemia. The human homologue, SCD, maps to a region of chromosome 10 linked to type 2 diabetes, and SCD activity correlates with insulin sensitivity. Given this strong positional and biological candidacy, the present study sought to establish whether sequence variation in SCD influences susceptibility to type 2 diabetes and related traits. Methods. The SCD gene was resequenced in 23 diabetic subjects. Six variants within coding and adjacent sequence, including a non-synonymous SNP in exon 5 (M224L), were selected for genotyping in a primary set of 608 diabetic subjects and 600 control subjects.
Introduction
The shift from an exclusively glucocentric view of type 2 diabetes pathogenesis to one which emphasises the importance of defects in lipid metabolism and adipocyte function has generated important insights into the pathogenesis of this condition [1, 2] . Support for this lipocentric view has been driven by increasing awareness of the diverse and adverse metabolic consequences of raised fatty acid levels both on insulin action and secretion [3, 4] , and by the unmasking of the fat cell as a potent endocrine organ [5] . This change of focus has already led to the identification of several susceptibility genes influencing type 2 diabetes and related traits. For example, variants in PPARG2 (encoding peroxisomal proliferator-activated receptor gamma) and in Cd36 (encoding the fatty acid translocase, CD36) have been implicated in the development of type 2 diabetes and insulin resistance in humans and rodents respectively [6, 7] . As a result, there is growing interest in other key regulators of intermediary lipid metabolism and an expectation that such studies will reveal additional genes conferring type 2 diabetes susceptibility, provide clues to fundamental pathophysiological processes, and inform development of novel therapeutic agents. Stearoyl-CoA desaturase (SCD: EC reference 1.1499.5) is one such key regulator, and the aim of the present study was to determine whether sequence variation in the gene encoding SCD (SCD, Locuslink reference 6319) is associated with type 2 diabetes risk and/or related intermediate traits.
Several lines of evidence establish SCD as a strong biological and positional candidate.
Firstly, SCD is the rate-limiting enzyme in the cellular biosynthesis of monounsaturated fatty acids (MUFA) from saturated fatty acid (SFA) substrates (mainly palmitoyl and stearoyl) [8] . As a result of substrate channelling, MUFAs generated by SCD, as opposed to those derived directly from dietary sources, represent the main substrates for synthesis of the triglycerides, cholesterol esters and phospholipids that subserve a wide range of cellular and metabolic functions [8, 9] . Consistent with a role as a key point of metabolic control, SCD activity is tightly regulated [10] , being decreased by polyunsaturated fatty acids [11] and leptin [12] , but increased by SFA and cholesterol [11] .
Secondly, mice deficient in SCD (both the natural asebia and the Scd1 knock-out mouse) are characterised by a metabolic phenotype that, in many respects, reflects "protection" against the metabolic syndrome. Compared to wild-type mice, SCD-deficient mice have low circulating levels of lipids [13] ; reduced body fat, despite hyperphagia [12] ; resistance to weight gain and to development of liver steatosis when transferred to a high-fat diet [14] ; increased metabolic rate and fat oxidation [12] ; marked resistance to obesity when crossed with the leptin-deficient ob/ob mouse [12] ; and improved insulin sensitivity and glucose tolerance [8, 14] . Recent data have elucidated the mechanisms responsible for this favourable metabolic profile. Scd-deficiency activates AMPkinase, leading to phosphorylation and inhibition of acetyl-CoA carboxylase activity [15] . The resulting reduction of malonyl CoA de-represses the mitochondrial shuttle carnitine palmitoyltransferase 1, promoting fatty acid import into mitochondria [15] .
Thirdly, human physiological and biochemical studies, although limited to date, have demonstrated a positive correlation between measures of SCD activity (inferred from the ratio of circulating C 18:1 /C 18:0 fatty acids) and circulating triglyceride levels (as a measure of insulin resistance) [16, 17] .
Finally, SCD, the human homologue of murine Scd1, maps to the long arm of chromosome 10 (10q23-24). Evidence for linkage to type 2 diabetes at chromosome 10q has been reported in several studies [18, 19, 20, 21, 22] , including the UK Warren 2 study, where a LOD of 1.99 was found at D10S1765 (approximately 12 Mb pter to SCD on the current genome assembly [NCBI version 34, accessed at www.ensembl.org, 23 September, 2004] ). This is the first study to test the hypothesis that SCD variation contributes to type 2 diabetes susceptibility.
Materials and methods
Subjects. This study included analysis of two case and two control groups: clinical characteristics are provided in Table 1 . In the primary case-control analysis, we compared unrelated probands with type 2 diabetes (n=608) from the Diabetes UK Warren 2 sibpair repository (Warren 2 probands) [18] with a control panel from two sources: 348 random UK population control samples from the European Collection of Cell Cultures (ECACC; Salisbury, UK) and 252 UK subjects ascertained (as spouse controls) from the Diabetes in Families study (DIF). For extension and replication studies, additional case samples were obtained by combining two sets of young-onset type 2 diabetic subjects (n=350) with almost identical clinical characteristics: (i) offspring from parent-offspring trios (n=147) ascertained for type 2 diabetes [23] ; and (ii) young-onset (<45 years) type 2 diabetic subjects (n=203) [24, 25] . These cases were compared to 747 normoglycaemic parents from a consecutive birth cohort (the Exeter Family Study [EFS]) [24] . All case samples were therefore strongly selected for inherited type 2 diabetes on the basis of early disease onset and/or positive family history. Other types of diabetes were excluded using a combination of clinical, immunological and genetic criteria as previously described [18, 23, 25] . Confirmation of glycaemic status in the control populations was limited to fasting plasma glucose measures for the EFS samples. All subjects are of exclusively British/Irish origin. Informed consent was obtained from all subjects, and all studies were carried out in accordance with the principles of the Declaration of Helsinki (2000).
SCD resequencing and genotyping. For resequencing, primers were designed to amplify the six exons of SCD, their immediate flanking intronic sequence, the extensive 3′UTR (untranslated region; ~3.8 Kb) and 1000 bp of 5′ "promoter" sequence. The 16 amplicons that resulted were screened for variation by sequencing 23 probands with type 2 diabetes from the Diabetes UK Warren 2 repository. This number of samples has greater than 90% power to detect a disease-associated variant that has a greater than 5% frequency amongst cases ascertained from multiplex families. PCR products were bi-directionally sequenced using standard dye terminator chemistry (BIG DYE v 3.0, Applied Biosystems, Foster City, Calif., USA) on an ABI3700 capillary sequencer. Sequences were assembled and aligned using Phred and Phrap [26, 27] . Potential polymorphisms identified using Polyphred [28] were confirmed where possible by cross referencing to public databases. A subset of the variants identified was selected for genotyping based on al-lele frequencies and linkage disequilibrium relationships, supported by statistical methods (LDSelect [29] ). Selected variants were genotyped using a combination of (i) gel-based PCR-RFLP assays incorporating obligate restriction sites as an internal digest control; (ii) tetra primer amplification refractory mutation system PCR [30] ); and (iii) fluorescent probe-based Amplifluor methods [31] (Table 2) . Primer sequences, amplification conditions and additional genotyping details are available from the authors. Based on extensive duplicate genotyping and analysis of haplotype patterns, we estimate an overall genotyping error rate of less than 0.5%.
Statistical analysis. SNPs were tested separately in cases and controls for deviation from Hardy-Weinberg equilibrium using HelixTree Genetics Analysis Software (Golden Helix, Bozeman, Mont., USA) [32] . Genotype and allele frequency distributions were compared by contingency table methods, and genotype trend comparisons carried out using the Kruskal-Wallis test and the generalised Cochran-Mantel-Haenszel statistic. As necessary, exact p values for these tests were obtained using StatXact 6 (Cytel Software, Cambridge, Mass., USA). Separately ascertained subject groups were combined for analysis only after the appropriate homogeneity tests had been applied. Measures of pairwise linkage disequilibrium (r 2 and D′) were estimated using the expectationmaximisation algorithm implemented by the LDmax function in GOLD [32] . Haplotype patterns were estimated by maximum-likelihood methods (SNPHAP, http://www-gene. cimr.cam.ac.uk/clayton/software, accessed 23 September, 2004 ) and haplotype frequency distributions compared by like- Table 2 ). For convenience, these are referred to as SNP1 to SNP10. Six of these corresponded to existing entries in the public SNP databases, but four were novel (SNPs 6, 7, 8 and 10). Two of the variants lay in coding sequence, SNP6 being synonymous (Y308Y) and SNP5 non-synonymous (M224L). The remaining SNPs were non-coding and located either in the promoter region, introns or extended 3′ UTR. SNPs with a minor allele frequency below 5% (SNP6 and SNP7) were not considered further. SNP1 and SNP10 were found to be in very tight linkage disequilibrium with SNP3 (r 2 =0.91, D′=1) and SNP8 (r 2 =1, D′=1) respectively, and were therefore excluded from further genotyping. Based on the haplotypes determined from our resequencing experiments, the remaining six SNPs (2, 3, 4, 5, 8 and 9) captured the majority (>98%) of the haplotype diversity in the samples sequenced, and were therefore selected for genotyping in the larger case-control samples. The haplotype diversity of this region identified by our resequencing is confirmed by genotype data currently available from the HapMap (www. hapmap.org, release 8, accessed June 2004). All SNPs typed were in Hardy-Weinberg equilibrium except SNP2 (p=0.014 in the control sample). This deviation was considered to reflect stochastic variation as there was complete correspondence between duplicate samples and also between genotypes and resequencing data. In addition, there was no indication of mistyping when haplotypes were inspected (i.e. appearance of novel haplotypes on particular plates). Analysis of the control sample demonstrated moderate linkage disequilibrium across the gene with all pairAnalysis of the contribution to type 2 diabetes susceptibility of sequence variation 2171
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SCD resequencing detected ten variants (all single nucleotide polymorphisms [SNPs]) (
wise D′ values being greater than 0.59, and pairwise r 2 measures ranging from 0.05 to 0.67 (Table 3) . Application of variant selection tools (LDSelect) to the genotypes subsequently obtained in the control samples failed to identify any more parsimonious subset of SNPs able to tag the variation at this locus. Genotype frequencies for the Warren 2 probands (cases) and controls are shown in Table 4 . No significant association was detected between the cases and controls in the primary sample when genotype and allele frequencies were compared, nor was there a difference in the haplotype distribution as assessed by permutation test (1000 replicates; p=0.43) ( Table 5 ). To assess whether genotype variation had an effect on the linkage signal at that locus, the case sample was subdivided according to the family NPL score at the peak of linkage on chromosome 10q (D10S1765) (see Methods). There was no significant difference in genotype distribution between the linked and unlinked type 2 diabetic probands at any of the SNPs. However, the comparison at SNP8 was of borderline significance (p=0.059), reflecting a decrease in the frequency of the AA genotype in the linked families (79.1% vs 86.3%). GIST analysis found no evidence that the SCD SNPs (including SNP8) contributed to the 10q linkage signal (data not shown).
Given the weak evidence for a linkage-partitioning effect at SNP8, genotyping of this variant was extended to the replicate sample set (350 young-onset type 2 diabetic subjects; 747 controls). In this set there was no suggestion of association with type 2 diabetes (p=0.50). Analysis of all SNP8 genotype data (using the Cochran-Mantel-Haenszel test, for ordered genotypes) confirmed that there was no overall association (exact p=0.78).
Relationships between SCD sequence variation and relevant intermediate traits (BMI, waist-to-hip ratio) were sought in the Warren 2 probands with diabetes, and in the DIF controls (trait information was not available for the ECACC control subjects). Investigation of these traits provided no evidence for singlepoint or haplotypic associations when case and control individuals were analysed separately (p>0.01). DIF, Diabetes in Families study; Y2TD, young-onset type 2 diabetes; EFS, Exeter Family Study M224L) represents a conservative substitution within the transmembrane domain, though it is notable that the L224 residue is conserved across multiple mammalian species. The available HapMap data confirm our own finding that this gene is characterised by appreciable haplotype diversity, but that the six selected SNPs capture the majority of that variation. We therefore infer that the selected SNPs had reasonable power to detect associations, if common variants in adjacent sequence were influencing type 2 diabetes susceptibility [37] . However, the current study was not designed to detect susceptibility effects attributable to rare variants. Nor would it be capable of detecting susceptibility effects due to variants lying at some distance from the "core" gene elements (exons, promoter, UTRs). Homology mapping of mammalian (mouse, rat, human) genome sequence (using ECR browser, http://ecrbrowser.dcode.org, accessed 23 September 2004 [38] ) around the SCD gene reveals several conserved noncoding sequences that are strong candidates for a functional role, and which therefore merit efforts to detect and type additional sequence variation.
The second issue is sample size. The power of the primary case-control resource used in the present study is enhanced by the fact that the cases were selected for strong family history. This manoeuvre has a substantial, beneficial effect on study power [39, 40] . Even allowing for this, the primary case-control study only has power to detect a relatively large effect size. For example, under a multiplicative model, the current study (allowing for selected case ascertainment) has around 90% power to detect (at a threshold of p<0.05) a susceptibility variant with an effect size (as measured in terms of the penetrance ratio, or genotypic relative risk [GRR]) of 1.2 and control allele frequency greater than 30%. For larger effect sizes (GRR~1.3), similar power is obtained for less common alleles (control allele frequency >10%). In the present study, we adopted a relaxed p value for the primary case-control study, in the expectation that any associations showing weak or borderline association with type 2 diabetes (as in the case of SNP8) would be examined further in the replication samples. Clearly, the present study cannot exclude the possibility that the variants typed (or others with which they are in linkage disequilibrium) do indeed influence type 2 diabetes susceptibility, but have effect sizes too small to have been detected in these samples. It is important to note however, that the present study has more than adequate power to reject the specific hypothesis that the SCD variants typed are solely responsible for the linkage signal in this region detected in the UK genome scan [18] , since this hypothesis implies effect sizes very much greater than those considered in the power calculations above.
Finally, it is important to recognise that the failure of the present study to detect significant associations
Discussion
To our knowledge, this is the first detailed study of the association between SCD variation and type 2 diabetes. We have undertaken a comprehensive survey for variation in the exons, adjacent intronic sequences, as well as 1 kb of upstream sequence (covering known promoter elements [36] ) and the extensive 3′ UTR. A subset of those variants, including a non-synonymous variant in exon 5, were then typed in a sample of type 2 diabetic subjects (enriched for diabetes-susceptibility genes by virtue of a strong family history) and ethnically matched controls. No convincing evidence of association was detected at the level of the allele, genotype or haplotype. The suggestion that variation at SNP8 might be correlated to the family-wise evidence for linkage to chromosome 10 was not substantiated by further genotyping in the replicate sample. In addition, secondary analyses looking at diabetes-related continuous traits (such as BMI and waist-to-hip ratio) failed to detect any convincing evidence for association.
The clear conclusion from these data is that SCD variation does not contribute to type 2 diabetes susceptibility in these samples. As in any association study, wider interpretation of these findings needs to take account of several crucial factors.
The first is that, whilst the present study focused on those elements of the gene most likely to be relevant to SCD function and/or expression, it did not directly test all variants that might conceivably influence these outcomes. Through our own resequencing, combined with a survey of the publicly available data, we are confident that we have detected all common variants within the coding, promoter and UTR regions. The single non-synonymous coding change (SNP5: The identification of genetic variants that cause or influence susceptibility to diabetes and/or related traits represents a powerful tool for demonstrating the functional role of a given gene and its product in human metabolic function. The failure to detect such an association in the present study means that such validation is not yet available. However, physiological studies of SCD function in humans are consistent with the important role in the maintenance of normal metabolic homeostasis that has been clearly demonstrated in the mouse. As such, SCD remains an interesting target for pharmaceutical intervention, capable, in principle of simultaneously reversing several components of the metabolic syndrome.
